Neurocysticercosis (NCC) is a common parasitic infection of the central nervous system (CNS) (7, 32, 42) . Humans acquire it when they ingest food or water contaminated with eggs from the tapeworm, Taenia solium. NCC occurs when the oncosphere within the egg penetrates the gut and migrates to the CNS, where the metacestode or cyst stage of the worm develops. Interestingly, between 13 and 44% of the NCC infections are asymptomatic (11, 18) . In the other cases an estimated 4-to 5-year incubation period precedes the presentation of symptoms (42) . The most common manifestations are seizures that are usually associated with parasites in brain parenchyma (42) . Hydrocephalus, another common symptom, is usually due to cysts located in ventricular or subarachnoid spaces. The severity of the symptoms is strongly associated with the intensity of the local immune response (11, 26) . Meningeal parasites often induce a strong inflammation, perhaps due to their higher exposure to the immune system (3, 29) . In addition, parasite viability plays an important role in disease progression. Vesicular or viable parasites can avoid immune system detection by masking their surface structures with host molecules and secreting immunomodulatory molecules (2, 14, 29, 43 ). In contrast, dying cysts lose these immunomodulatory capacities and, in addition, release a number of antigens that are readily detected by the immune system, causing inflammation. Therefore this stage is most frequently associated with an intense immune response and concomitant life-threatening symptoms. Finally, calcified cysts usually present a discrete residual immune reaction (11, 26) .
In a preliminary study immunohistochemical analysis was used on four brain specimens from patients with severe NCC symptoms (29) . In these cases granulomas were not present and there were differences in the types of cells and cytokines present (29) . Given the absence of granulomas, it is likely that these patients represent earlier stages of the immune response.
In the present study we report for the first time the results from a detailed immunohistochemical analysis to determine the types of cells and cytokines that were present in eight human craniotomy specimens where granulomas were surrounding brain cysticerci. In all these cases we found that dying T. solium metacestodes induce a classical chronic, delayed-type hypersensitivity reaction that consists of a granuloma with associated immune infiltrate and fibrosis. This response was associated with a predominant Th1 cytokine pattern. However, in contrast to the previous immunohistochemical study of patients without granulomas, we also found evidence of cells and cytokines that are typical of a Th2 response.
MATERIALS AND METHODS
Patient and control nervous tissue specimens. The nervous tissues from patients with histologically confirmed NCC were identified from the archives of the Departments of Pathology of the Hospital Universitario San Vicente de Paul (HUSVP) in Medellín (13 cases), Hospital San Miguel (2 cases) in San Juan de Pasto, and Hospital San Juan de Dios (3 cases) in Bogota, Colombia. Brain specimens from eight cases (A, D, E, J, P, L, M, and N) were chosen for this study based on their derivation from a craniotomy procedure and the presence of inflammatory and/or nervous tissue surrounding the parasite. By contrast, the specimens obtained by stereotaxic biopsy or those limited to the parasite itself were excluded because they did not contain enough adjacent tissue to determine the arrangement of inflammatory cells with respect to the parasite. There was limited medical information available that explained why these patients underwent a craniotomy. For the available cases, the main symptoms were seizures, increased intracranial pressure, and altered mental status. Likewise, there were no data available regarding corticosteroid treatment schedules prior to the surgery.
Two normal, uninfected human brain specimens with representative sections from CNS tissue were obtained from autopsies of patients who died from non-CNS pathologies at the HUSVP. Any changes in the immune response elements between the uninfected and infected brain specimens were attributed to the NCC infection. Research using patient specimens has complied with all relevant federal guidelines and institutional policies.
Tissue processing and histological staining. The nervous tissue from patients and controls was fixed with neutral buffered formalin (10% [vol/vol] formaldehyde, 29 mM NaH 2 PO 4 , 45 mM Na 2 HPO 4 ) for 12 to 24 h and then paraffin embedded using routine procedures (15) . Serial 5-m-thick sections were mounted on silane preparation slides (Sigma, St. Louis, Mo.) and used for histological and immunohistochemical procedures. Hematoxylin-eosin was used to determine the CNS location and stage of viability of the parasite, as well as the intensity and type of infiltrate. The presence of fibrous tissue was determined with both Masson's trichrome and Gomori's reticulum stainings to distinguish collagen types I and III, respectively (15) . The collagen type I fibers were blue by Masson's trichrome, and collagen type III fibers were brown with Gomori's reticulum staining.
Antibodies. The identification of cell surface markers was done by immunohistochemical analysis with a panel of anti-human antibodies. The following mouse monoclonal antibodies were purchased from Dako (Carpinteria, Calif.): anti-CD8 for cytotoxic T cells, anti-CD16 (Fc␥RIII) for granulocytes and NK cells, anti-CD20 for B cells, anti-CD68 for macrophages, epithelioid cells, giant cells, or microglia, antitryptase for mast cells, anti-HLA-DR for major histocompatibility complex class II (MHC-II), and an anti-prolyl-4-hydroxylase for fibroblasts. The polyclonal rabbit anti-CD3 for T cells was also from Dako. The distinction between NK cells and granulocytes was done by staining of the former with the monoclonal antibody B199.2.1, which is human NK cell specific (4). Gamma delta (␥␦) T cells were tested with anti-␥␦ T-cell receptor monoclonal antibody (Pharmingen, San Diego, Calif.). Cytokine expression was assessed with the goat anti-human interleukin-4 (IL-4), IL-18, and IL-10 purchased from R&D Systems (Minneapolis, Minn.). The polyclonal antibodies were antigen affinity purified. Transforming growth factor ␤ (TGF-␤) was detected with a rabbit anti-human polyclonal antibody (R&D Systems). Gamma interferon (IFN-␥) expression was detected with a goat anti-human IFN-␥ (Santa Cruz Biotechnology, Santa Cruz, Calif.), and IL-13 expression was detected with a rat anti-human antibody (Pharmingen). The secondary antibodies were biotinylated and crossabsorbed with human serum proteins. They included goat anti-mouse immunoglobulin G (IgG), goat anti-rabbit IgG (Southern Biotechnology, Birmingham, Ala.), and rabbit anti-goat IgG (Sigma). The standardization of optimal conditions and establishment of positive controls for each antibody were done using human tonsils removed from patients with chronic tonsillitis. These control specimens were also formalin fixed and paraffin embedded.
Immunohistochemistry. Tissue sections were deparaffinized with an overnight incubation at 58°C and subsequent immersion in xylene and then rehydrated in solutions of decreasing ethanol. Endogenous peroxidase was blocked by incubating the tissues for 10 min in 6% hydrogen peroxide at room temperature. Depending on the surface marker, the tissues were submitted to two alternative unmasking protocols. For the first method the slides were submerged in a 10 mM citrate buffer at pH 6.0, placed in a deGalicia microwave pressure cooker (Vigo, Spain), and incubated in an 830-W microwave oven for 15 min. The second was proteolytic digestion with 0.01% porcine tryptase (wt/vol; ICN, Aurora, Ohio)-0.01% (wt/vol) CaCl 2 (Sigma) diluted in a Tris-HCl buffer (9.7 mM Tris-249 mM NaCl) at pH 7.8 for 10 to 15 min at 37°C. Epitopes for CD4 or tumor necrosis factor alpha (TNF-␣) could not be unmasked with either protocol. To eliminate nonspecific staining, Fc receptors were blocked for 30 min at room temperature in a humid chamber with a 1:10 dilution of serum from the host species in which the biotinylated antibody was generated. Sections were then incubated for 1 h at 37°C with the primary antibody diluted in phosphate-buffered saline with magnesium chloride (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , 1 mM MgCl 2 ). The sections were then washed with 0.05% Tween 20-Tris-HCl buffer (100 mM Tris-150 mM NaCl) three times for 3 min each and then incubated with the secondary antibody for 40 min at 37°C. After washing, the slides were incubated for 30 min at room temperature with an avidin-biotinperoxidase complex (ABC Elite kit; Vector, Burlingame, Calif.). The presence of peroxidase was detected with the chromogen 3,3Ј-diaminobenzidine (Dako), which results in a brown color. Sections were counterstained with Harris hematoxylin (Sigma Diagnostics, St. Louis, Mo.), dehydrated, and mounted with Cytoseal 60 mounting medium (Stephens Scientific, Riverdale, N.J.). The optimal conditions for detecting each marker were established by using chronically infected tonsils from humans.
The detection of IFN-␥, TGF-␤, CD8, and ␥␦ T cells required additional enhancement. After the avidin-biotin-peroxidase complex was washed away, the sections were incubated for 10 min at room temperature with biotinylated Tyramide (NEN Life Science Products, Boston, Mass.). Then the sections were washed and reincubated for 30 min at room temperature with the avidin-biotinperoxidase complex. The reaction was then developed with 3,3Ј-diaminobenzidine and processed as described above.
Semiquantitative analyses of cellular infiltrates were done by determining the number of each positive cell type or cytokine using an ocular reticulum in the microscope at ϫ400 magnification. The area defined by the reticulum was calculated to be 6.25 ϫ 10 Ϫ2 mm 2 , and 10 such areas containing infiltrate were counted per tissue section. The data were recorded as the average number of cells in 10 areas Ϯ the standard error of the mean (SEM).
RESULTS
Immunohistochemical analysis of the uninfected brain specimens. To determine the activation changes induced in the cyst-infected nervous tissue, two normal, "uninfected" brain specimens were analyzed. There was no evidence of either an inflammatory reaction or fibrosis, and most of the cell surface markers for immune cells were negative ( Table 1 ). The only exception was the presence of CD68-and MHC-II-positive perivascular microglia. Regarding cytokines, there was a detectable expression of TGF-␤ in both tissues ( Table 2) .
Characteristics of the parasites and surrounding nervous tissue. The parasites were in different stages of disintegration as judged by the hematoxylin-eosin and immunohistochemical stainings of the craniotomy specimens. Cases P, A, D, E, and M had colloidal cysticerci, with intact regions of vesicular membrane interspersed with amorphous material. In cases J, N, and L the parasites appeared to be in a granular-nodular stage because the center of the granuloma had immune cells and amorphous material and only a few regions with identifiable cyst remains. In each patient the parasite was lodged in different regions of the brain. In cases P and N the parasites were exposed to subarachnoid space, and the specimens contained meninges, cerebral cortex, and white matter. In cases A and M, a rim of white matter and a small region of cerebral cortex surrounded the metacestodes. The granuloma from cases J, E, and L was surrounded by white matter, and that from case D was adjacent to the cerebellum.
Immunological components of the granuloma from NCC patients. In the eight specimens obtained by craniotomy, a mature immunological granuloma was observed around the parasite remains. The general architecture of this granuloma was very similar in all cases and is shown as a low-power view in Fig. 1A . The distribution of collagen types I and III is shown in Fig. 1A and B, and the characteristic distribution of some cells is shown in Fig. 1C to G. Namely, at the center of the lesion was the parasite in different stages of disintegration (region m in Fig. 1A ). In the more necrotic parasites the remains were associated with an amorphous material that resembled cells undergoing cariorexis. A layer of CD68-positive and MHC-II-negative epithelioid histiocytes was arranged in a typical "palisade" formation surrounding the parasite (region h in Fig. 1C ). In one case some of these cells fused to form typical multinucleated giant cells (not shown). The epithelioid cells were surrounded by a thick and dense fibrous layer (re-gion c in Fig. 1A ). The main component was collagen type I (Fig. 1A ) and, to a lesser extent, fibrin and collagen type III (not shown). This collagenous capsule became less dense as it extended towards the outermost region where an inflammatory infiltrate rich in blood vessels formed another layer (region i in Fig. 1A ). In this region the fibrous tissue appeared to be mostly collagen type III arranged around the blood vessels (Fig. 1B) . Few to moderate amounts of fibroblast-like cells were associated with collagen type I and III fibers. Finally, the inflammatory infiltrate was adjacent to the nervous tissue that had not been reabsorbed by the granulomatous response.
Within the leukocyte-rich area a particular distribution was noted for each cell type (Fig. 1) . The cells closer to the fibrous layer were usually CD68-positive macrophages (region i in Fig.  1C ). There was a strong humoral response reflected by abundant B cells concentrated around the blood vessels (Fig. 1D ) and plasma cells distributed throughout the infiltrate (not shown). There were moderate amounts of CD3 ϩ T cells dispersed throughout the infiltrate (not shown). About 50% of these cells were CD8 positive ( Fig. 1E and Table 1) , and all were negative for ␥␦ T-cell receptor (not shown). The unmasking of the CD4 epitope was not possible in these formalin-fixed tissues. Neutrophils were predominantly located in the lumen of the blood vessels (Fig. 1F) , while mast cells were in a perivascular location (Fig. 1G ). Eosinophils were relatively frequent in one specimen but scarce in the others. Scanty NK cells were detected in two specimens. Within these infiltrates, MHC-II expression was localized in the regions rich for B lymphocytes and macrophages. This was particularly noticeable in the perivascular spaces where B cells were abundant (Fig. 1D) .
The cytokine profile in the granulomatous tissue. Cytokines exert an essential influence on the type of immune response and the development of granulomas and fibrosis in different host-parasite systems. Despite the previously documented importance of IL-12 in the frozen cyst-infected brain tissues, the detection of this cytokine was not possible in the formalin-fixed specimens (29) . All the cyst-infected brain specimens had the simultaneous presence of Th1 and Th2 cytokines (Table 2) consistent with the immune cell types present. The positive staining for cytokines predominated in the mononuclear-cellrich infiltrate. IFN-␥, TGF-␤, and IL-18 were the most abundant and were present in all the tissues (Fig. 1 H to J) . IFN-␥ staining was localized in regions rich in T lymphocytes and macrophages (Fig. 1H) . The cells associated with IL-18 staining resembled macrophages (Fig. 1I) . TGF-␤ was abundant among the inflammatory cells (Fig. 1J) . The frequency of IL-4-producing cells was roughly comparable to the frequency of cells producing IL-18 (Table 2) , whereas the frequency of IL-10-and IL-13-producing cells was relatively low (data not shown).
DISCUSSION
Considering the strong correlation between the pathogenesis of NCC and the intensity of the immune response surrounding CNS cysticerci, it was important to perform a detailed analysis of the type of localized immunity in brain specimens obtained from patients with severe clinical symptoms. This study focused on specimens that had a granuloma surrounding brain cysticerci. Despite the previously documented heterogeneity of cellular and humoral immune responses among patients with NCC, in the present study a consistent in situ response was observed in eight cases where granulomas surrounded brain cysticerci (21, 28, 29) . Essentially, each specimen contained a dead and disintegrating parasite that was surrounded by an immune granuloma with intense fibrosis, inflammation, and angiogenesis. This response was accompanied by cells and cytokines typical of both a Th1 and a Th2 response. 
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In a previous immunohistochemical analysis done by our group on four brain specimens of patients with NCC, there was a predominant Th1-like response with NK cells, macrophages, variable numbers of T cells, and abundant IL-12 (29) . In those cases there was no evidence of granuloma or fibrosis and very few or undetectable B cells, plasma cells, mast cells, eosinophils, or IL-4-producing cells. In the present study these findings were extended by analyzing specimens that contained granulomas around the cysts. Altogether, the combined results from both analyses suggest that in NCC there is initially a predominant Th1 response that eventually evolves into a chronic Th1 and Th2 phenotype associated with a mature granuloma formation, fibrosis, and angiogenesis. The data from the 12 patients suggest that the evolving immune response could be influenced by the parasite's involutionary process from viable to a final calcified stage. Most of the specimens we have analyzed by immunohistochemistry are in the colloidal or granular-nodular stage. The immune response elicited by the release of dying parasite antigens appears to be the most frequent cause of severe clinical symptoms. In contrast, determining the immune events that precede parasite death will be possible mainly from extrapolations with animal studies. In a mouse model for NCC, the initial stages of the infection are also predominated by a Th1 response that appears to be orchestrated by the CNS influx of ␥␦ T cells (5) . The influence of this cell type in the initial stages of human NCC is yet to be determined.
In the present study both Th1 and Th2 cytokines were present, including IFN-␥, IL-18, and IL-4. IL-13 and IL-10 were found to a lesser extent (data not shown). The probable influence of these cytokines on the formation of immune granulomas may be inferred from other infection models of animals. An initial Th1 response that evolves into a mixed Th1-Th2 phenotype associated with mature granuloma formation has been observed in other helminthic infections. An example includes the peritoneal infection of mice with Taenia crassiceps (30) . It should be noted, however, that when spleen cells, ascites, and regional lymph nodes were studied after infection with T. crassiceps, an interesting result was found in terms of parasite burden (33, 35, 40) . Thus an initial, transient Th1 response limited parasite replication, and the subsequent Th2 response was associated with increased parasite burden. However, it is not surprising that the immunological response involved in controlling parasite burden differs from that of granuloma formation. Consistent with this, another helminth, Schistosoma mansoni, also induces an initial Th1 phenotype followed by a mixed Th1-Th2 response with accompanying granuloma formation (45) . In this model, the combined role of IL-4 and IL-13 was shown to be essential for the induction of mature granulomas (6) . Another regulatory cytokine in terms of granuloma formation is IL-10 as it appears to diminish the size of granulomas in schistosomiasis in both humans and mice (12, 44) . Finally, in other nonhelminthic infections like tuberculosis, TNF-␣ seems to be essential for granuloma formation (8, 13, 24) . In the present study the epitopes for TNF-␣ could not be unmasked following formalin fixation and paraffin embedding.
Cytokines are also known for their influence on the irreversible replacement of functional tissue with collagen. In the present study the upregulation of the fibrinogenic cytokine TGF-␤ was consistent with the fibrosis observed in the NCC granuloma (41) . In contrast, the role of IL-13 in the process of collagen deposition is still not clear in NCC despite its recent association with fibrinogenesis in S. mansoni infection (6). IL-13 was minimal or undetectable in the specimens analyzed, but the possibility that it may play an active role at an earlier stage of the evolving immune response cannot be ruled out. Considering the deleterious consequences of fibrotic scars, a key aspect of an immune therapy would be to identify and antagonize the cytokines involved in collagen deposition.
The formation of fibrous granulomas within the brain is a process that remains poorly understood compared to the advances achieved with other human organs like the lungs and liver. This may be explained by the brain's innate resistance against delayed hypersensitivity reactions (10, 19). In our experience the intraperitoneal or intracranial infections in mice with another cestode, Mesocestoides corti, have indicated that the kinetics of granuloma formation is delayed by several months in the brain versus the periphery (A. E. Cardona and J. M. Teale, unpublished results). In the present study the presence of mature granulomas in the brain suggested that the natural resistance of the brain microenvironment towards delayed hypersensitivity reactions was overcome by a chronic immunogenic stimulus and/or the presence of parasite antigens that are highly granulomatogenic.
The identity and nature of the granulomatogenic factors from T. solium metacestodes remain to be elucidated. In other granuloma-inducing pathogens much importance has been given to polysaccharides. In S. mansoni infections the carbohydrate portion from the soluble egg antigen induces the shift to a Th2 response that is associated with granuloma formation (38) . The polysaccharides from the pathogenic fungus Paracoccidioides brasiliensis are also thought to induce granuloma formation (34) . Thus, candidate granulomatogenic molecules for T. solium cysts may include the highly antigenic glycoproteins that can induce high antibody titers in NCC patients (17, 27) .
The discrete distribution of B cells around the blood vessel and the abundance of plasma cells throughout the infiltrate may suggest that B cells enter the CNS parenchyma and then differentiate into plasma cells. The abundance of plasma cells in this study differs from previous immunohistochemical analysis, where B cells were scanty or absent (21, 29, 37) . These contrasting observations are consistent with an evolving immune response that ranges from Th1-like in cases with few B cells to Th2 with a predominance of plasma cells. Accordingly, this evolving immune response supports the marked variations of anti-cysticercus antibody titers between patients in the diagnostic serology for NCC (21, 27) . In addition to their role in promoting a humoral response, B cells may also be participating in antigen presentation, given the colocalization of B cells and high levels of MHC-II expression in the perivascular infiltrates.
The present study also revealed for the first time the presence of mast cells in the vicinity of the blood vessels within the infiltrates surrounding brain cysticerci. Mastocytosis has been noted previously in helminthic responses (22, 39) . The role of mast cell tryptase is not clear in the human brain but has been documented in the CSF, perivascular infiltrates, and parenchyma of multiple sclerosis patients (20, 31) . In addition, mast cells secrete a number of other proinflammatory products that were not tested in this study. Histamine and compound 48/80 are vasoactive substances that increase the permeability of the blood-brain barrier, and basic fibroblast growth factor also increases vascular permeability in addition to promoting fibrogenesis (23, 36, 46) . Therefore, it will be important to determine the expression of these products in NCC brain specimens to assess the role of mast cells in the pathogenesis of this infection. The combined presence of mast cells, B lymphocytes, and plasma cells further substantiates the eventual development of a Th2 response resulting in a chronic Th1-Th2 mixed response in NCC patients exhibiting granulomas.
Despite the apparent increase in blood-brain barrier permeability that allowed the influx of a number of inflammatory cells, granulocytes were present in minor amounts. The sporadic presence of eosinophils in high numbers has been noted in previous studies of NCC patients (11) . It contrasts with the predominance of this cell type in pigs that are naturally infected with T. solium metacestodes or with what is observed in other peripheral helminthic infections like schistosomiasis and filariasis in humans (1, 9, 25) . Neutrophils were mostly located in the lumen of the vessels. This underrepresentation of granulocytes is likely influenced by the local expression of chemokines and adhesins induced during the chronic stages of NCC infections (16) .
The components of the T. solium cyst-induced granuloma appear to reflect the combined participation of innate, cellmediated, and humoral immunities. The granuloma associated with intense fibrosis seems to be a double-edged sword for the NCC patient. It protects the adjacent CNS tissue from an overt injury due to the bystander inflammatory response but damages irreversibly the nervous tissue that surrounds the cysticercus. The specimens analyzed belonged to patients who were subjected to craniotomy because they presented life-threatening symptoms that included seizures, mental alterations, and increased intracranial pressure. Unfortunately, in this study we did not have access to NCC infections that were asymptomatic. Such cases would be ideal to determine if the development of fibrous brain granulomas is associated with patients exhibiting the more severe symptoms of the disease.
